The use of embryonic stem cells (ESC) in regenerative medicine is restricted due to the possibility of tumorigenicity after inefficient or incomplete differentiation. Studies from our group, and others, suggest that mechanical stimuli may have a suppressive effect on the pluripotency/tumorigenesis of murine ESC (mESC). Furthermore, we have demonstrated that mESC seeded in a type I collagen scaffold, and transplanted into a murine bone fracture model, demonstrated repair without tumor formation. However, it remains unknown if mechanical factors were involved in blocking tumorigenicity of the mESC. Therefore, the aims of the current study were: (i) to characterize the mechanical environment within the transplanted construct (mESC-Col I) in an in vivo murine fracture model using computational analyses; and (ii) to reproduce this mechanical environment in vitro to elucidate the role of these mechanical factors on mESC pluripotent gene expression. It was predicted that the mESC-Col I construct was subjected to an average octahedral shear strain of $3.8% and a compressive strain of $3.1% within the fracture in vivo when the murine tibia was subjected to an axial compression load of 4 N (1 Hz). When a similar strain environment was replicated experimentally in vitro, the expression patterns of marker genes for pluripotency (Oct 4, Sox 2, Nanog, Rex 1, and oncogene ERas) were significantly down-regulated. This suggests that the local micro-mechanical environment within the fracture site in vivo may be involved in regulating stem cell fate after transplantation, and that these physical factors should be considered when developing regenerative medicine strategies. ß
Bone is a dynamic organ which has the unique ability to truly regenerate; completely restoring bone to its initial biomechanical and biological functions. However, in elderly individuals, patients with fragile bone structure, or following a severe injury, bone regeneration can be delayed or inhibited. 1, 2 Tissue engineering (TE) seeks to develop functional tissue substitutes using a combination of biomaterials, cells, and/or growth factors to promote regeneration/repair. 3, 4 Cells are a critical component which provide signals to the surrounding environment to directly or indirectly drive bone regeneration. 5, 6 The use of mesenchymal stem cells (MSC) is advantageous as they are found in many tissues and possess low immunogenicity when obtained from the same donor. However, MSC availability and potency appears to decrease with age and in vitro expansion, making their application in elderly individuals or patients with pathological conditions more difficult. 7, 8 Embryonic stem cells (ESC) on the other hand possess the capacity to self-renew, differentiate into cell types that make up all adult tissues and are easily expanded. 9, 10 However, a significant obstacle in the application of ESC therapies is that with incomplete differentiation they demonstrate robust tumorigenic potential upon transplantation, and thus safe, reproducible differentiation protocols are required before ESC based therapeutics can be translated to a clinical setting. 11 Biological (growth factors, biochemical) and physical (matrix stiffness and mechanical stimuli) factors are known to influence cell differentiation. [12] [13] [14] We have previously reported that murine ESC (mESC) cultured within a 3D type I collagen (Col I) scaffold, supplemented with b-glycerol phosphate (bGP), differentiate along an osteogenic lineage. 15 Moreover, the subcutaneous 15 or bone specific 16 transplantation of mESC-Col I scaffolds into severe combined immunodeficiency (SCID) mice results in bone repair in vivo without associated tumor formation. The fracture model in these studies did not require external fixation, and consequently, the mice experienced cyclic loading to the fracture site. However, while other groups have observed similar effects, 17, 18 it remains unknown if the local in vivo biomechanical environment played a role in regulating the stem cell behaviour (pluripotency/tumorigenesis). Nakajima et al. 17 highlighted the importance of mechanical stimuli on cartilage tissue formation in vivo. Their results suggested that when mESC are seeded into a collagen matrix there was no teratoma formation after implantation into mice because the TE construct experienced mechanical stimuli. Conversely, the in vivo transplantation of such a scaffold with minimal mechanical load, due to joint immobilization, resulted in teratoma formation.
These findings, as well as our own, provide circumstantial evidence suggesting a relationship between in vivo mechanical loading and tumor formation for transplanted mESC. However, to our knowledge, no study has replicated the in vivo mechanical forces in vitro to isolate the role of mechanical forces from the myriad of biological signals present in vivo that could be regulating the mESC post-transplantation. Therefore, the aims of the current study were: (i) to characterize the mechanical environment within the transplanted mESC-Col I construct in an in vivo murine fracture model using computational analyses, and (ii) to reproduce this mechanical environment in vitro to elucidate the role of these mechanical factors on mESC pluripotent gene expression.
MATERIALS AND METHODS

Strain Prediction Within mESC-Col I Construct In Vivo
The right tibia of a female CD1 mouse (8 weeks old, skin and muscle removed) was scanned at a 7 mm voxel resolution (SCANCO Medical mCT35, Scanco Medical, CH). The mCT images were then imported into Simpleware (v3.5.3, Simpleware LTD., UK) for tissue segmentation and geometric reconstruction. A fractured tibia model was also generated with a 0.7 mm burr-hole at a proximal site, and filled with a mESC-Col I construct, based on our in vivo closed fracture model. 16 The models were then meshed and imported into ABAQUS (v6.11, Simulia, Waltham, MA) for finite element (FE) analysis. The bony tissues as well as the mESC-Col I construct were modeled as poroelastic materials using 10-node modified quadratic tetrahedron pore pressure elements (C3D10MP) (Fig. 1) . The model was meshed using a total of 52,783 elements: 20,615 for the cortical bone, 22,108 for the trabecular bone, and 2,439 for the mESC-Col I construct. The Young's moduli of individual bony elements were assigned based on the micro-CT gray-scale values and the material properties (Table 1) were obtained as previously described. 19, 20 An axial compressive load was applied to the tibial plateau of both intact and fractured models. Each load cycle had a half-sine form with an amplitude of 4 N (normal walking) 34 and frequency of 1 Hz. The load was applied to the proximal end of the tibiae for a total of 660 cycles until the mechanical environment at the fracture site had plateaued. The octahedral shear strain, g oct , was then determined using the principal strains (i.e., e 1 , e 2 , and e 3 ):
Cell Culture Murine D3 ESC (ATCC, Manassas, VA) were cultured on 0.1% gelatin (Sigma, St. Louis, MO) for one passage, after which they were expanded in a stirred bioreactor at 100 rpm as previously described. 21 Expansion medium consisted of high glucose Dulbecco's Modified Eagle Medium (DMEM) supplemented with 1% non-essential amino acid, 2.5 ml penicillin-streptomycin solution containing 10,000 U/ml of penicillin and 10,000 mg/ml streptomycin, 15% fetal bovine serum (FBS), and 0.1 mM ß-mercaptoethanol (all Invitrogen, Carlsbad, CA). To maintain mESC pluripotency, culture medium was supplemented with 1,000 U/ml leukemia inhibitory factor (LIF, Chemicon, Billerica, MA). Cells were maintained in a humidified incubator with 5% CO 2 at 37˚C.
Cell Seeding into Collagen Matrix
The mESC-Col I construct was prepared as previously described. 15 Briefly, mESC were re-suspended in 5Â concentrated DMEM containing 10 mM bGP (Sigma) and mixed with bovine collagen type I solution (3 mg/ml) (PureCol 1 , Advanced Biomatrix, Poway, CA). For each mESC-Col I construct, 1 Â 10 6 cells were re-suspended in 200 ml bGP medium with an additional 800 ml collagen solution. This mixture was pipetted into 12 well plates and stored in an incubator for 24 h at 37˚C to allow for collagen polymerization.
Loading System to Mimic the Burr-Hole Fracture Environment In Vitro
To mimic the mechanical environment of the burr-hole, confined compression was applied to the mESC-Col I construct with a modified BioPress TM compression culture plate of the Flexcell 1 FX-4000 TM (Flexcell International Corporation, Hillsborough, NC). The original culture platen was replaced with a custom design to provide lateral confinement during compression of the soft construct. To enable oxygen and media exchange, a porous platen (316L stainless steel, Mott Corporation, Farmington, CT) with media grade 10 (pore size of $10 mm) was placed on the mESC-Col I construct. A silicon ring with a square cross section (SS1003-1 Â 10.7, Marco Rubber, Seabrook, NH) surrounded the constructs to support the weight of the porous platen during the rest period. A silicon ring with a round cross section (S1003-2 Â 6, Marco Rubber) was placed on top of the platen to apply an initial tare load to the samples (Fig. 2a-c) .
Experimental Characterization of the Modified Loading System
The entire system was modeled with the top (top ring with lid) and bottom (base plate, bottom ring, and porous platen) parts as springs in series. 22 The entire system was loaded uniaxially, as well as the individual top and bottom parts, using a sinusoidal waveform (1 Hz) up to 3 N (Bose Electroforce 3200 material tester, Bose Corporation, Eden Prairie, MN). The displacement of the top part was subtracted from that of the entire system, resulting in a "calculated" forcedisplacement curve for the bottom part. In the bottom part, the mESC-Col I construct and bottom ring act in parallel with the same strain while the sum of their individual forces equals the total force applied to the bottom part. Thus, the strain in the mESC-Col I construct was determined using displacement data of the bottom part, and its initial height, while force was calculated by subtracting the force data of the empty bottom part alone from the force data of the bottom part with the mESC-Col I construct. Finally, a relation between the desired mESC-Col I strain and the applied air pressure for the Flexcell system was established. The loading tests were performed in triplicates at 1, 3, 5, and 7.5 N, for 300 cycles each with a sinusoidal waveform (1 Hz). The Flexcell air pressure was calculated as the force divided by the area of the cell base membrane (908 mm 2 ).
FE Model of the Modified Flexcell Loading System
A FE model of the modified Flexcell system was developed (ABAQUS v.6.11) (Fig. 3) . A non-linear axisymmetric analysis was performed to estimate the strains (octahedral and axial) within the constructs. An axial compressive load was applied to the base, whereas a fixed boundary condition was implemented at the lid. The mESC-Col I construct and porous platen were modeled as fully saturated porous media with void ratios of 4 and 0.582, respectively, and meshed with continuum axisymmetric elements with quadratic displacement and linear pore pressure (CAX8P). Along the top edge of the porous platen, the pore pressure was set to zero to allow free fluid exudation in the vertical direction. The Young's modulus, Poisson's ratio and permeability of the porous platen were assumed to be isotropic with values of 193 GPa, 0.3, and 0.37 mm 4 /Ns, respectively. 23, 24 The modulus of the mESC-Col I construct (251 AE 35 kPa) was obtained experimentally from uniaxial tests (results section: Experimental characterization of the modified loading system). The rings were modeled as isotropic hyperelastic materials and meshed using eightnode axisymmetric quadrilateral elements with hybrid formulation (CAX8H). Frictionless surface-to-surface contact constraint with small sliding formulation was defined between all contacting pairs. Free fluid flow boundary conditions were assumed between the contact interface of the porous platen and the mESC-Col I construct. 25, 26 The FE force-displacement results for a compression load were compared against our experimental results to verify the overall mechanical behavior of the model.
Compressive Loading of mESC-Col I Constructs
Murine ESC were seeded in the collagen matrix and allowed to polymerize for 24 h as described above. The mESC-Col I constructs were then placed inside the modified load plates and pre-loaded with a 0.5 N tare load for 5 min. The modified system was assembled and the constructs compressed (3.5%, 1 and 0.1 Hz) for a total of 40 h applying two cycles of 4 h loading following by 16 h of rest. 27, 28 Three groups were assessed for cell viability and gene expression: (i) non-loaded mESC-Col I samples; (ii) samples with only porous platen on top; and (iii) loaded samples. 
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Viability Cell viability was assessed using a LIVE/DEAD Viability Kit (Invitrogen). Constructs were washed 3Â times with D-PBS and incubated with 4 mM calcein and 2 mM ethidium homodimer-1 solution for 45 min in an incubator at 37˚C. The mESC-Col I constructs were then rinsed 3Â with D-PBS and viability assessed using a Zeiss LSM 510 microscope. Z-stacks of images (10.4 mm slices) were obtained at three different locations (left, middle, and right) of each construct in duplicates. Percentage of viability was determined using NIH Image J (v1.44p) with cells in both green and red channels counted. Cell viability was calculated as a ratio of green cells to the sum of green and red cells.
Gene Expression
Cell-matrix constructs were homogenized using a 23 gauge needle and syringe, and RNA extraction conducted using the established Trizol (Invitrogen) method. Complementary DNA was prepared using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA) with a total RNA input of 2 mg. Quantitative real time polymerase chain reaction (qrt-PCR) was performed using TaqMan 
Statistical Analysis
Gene expression data was normalized to 18S and then against a mESC control sample. The gene expression changes were plotted as mean AE standard deviation. All statistical evaluations were performed using one-way ANOVA (GraphPad Software Inc., La Jolla, CA). Statistical significance level a was chosen as 0.05. Significance within groups was evaluated using Bonferroni's Multiple Comparison Test.
RESULTS
Strain Prediction within the Burr-Hole Fracture Model
The maximum principal strains around the fracture zone were increased in the burr-hole model ( Fig. 4a and b) . At the peak load of the first loading cycle, the maximum principal strain was only $300 me on average within the proximal zone of the intact model (Fig. 4a) . However, for the burr-hole model, the maximum principal strain peaked at $980 me around the fracture zone, and within the mESC-Col I construct reached $100,000 me ( Fig. 4b and c) .
The average octahedral shear strain was predicted to be $48,000 me within the mESC-Col I construct after the first loading cycle in the fracture model, and after approximately 80 cycles had reached an equilibrium state ($38 000 me or 3.8%). Therefore, an octahedral shear strain of 3.8% within the cell-matrix construct was considered an appropriate magnitude to represent the in vivo conditions within the fracture of the burr-hole fracture model. 16 
Experimental Characterization of the Modified Loading System
The close agreement between the individual experimental force-displacement responses for the bottom part, top part and the entire loading system confirmed that the system could be decoupled into top and bottom components as the experimental (green line) and calculated (black dashed line) forcedisplacement responses for the bottom part showed complete overlap (Fig. 5a) . The mechanical properties of the mESC-Col I constructs were determined by subtraction of the force-displacement curves of the individual bottom part with (red) and without (green) the presence of the mESC-Col I construct (Fig. 5b) . From the calculated force-displacement response (blue), the Young's modulus of the mESC-Col I constructs was determined to be 251 AE 35 kPa. Due to the redesign of the Flexcell load chamber, the original manufacturer's specifications were no longer applicable, and a new relation between applied air pressure and compressive strain in the loaded constructed was established (Fig. 6) . 
FE Prediction of the Mechanical Behavior of the Modified Loading System
There was a close agreement between the experimental and FE predicted force-displacement responses, with a maximum deviation of 0.25% for the whole system (Fig. 7) . Using the FE model, it was then predicted that for an applied load of 3 N (3.3 kPa), the average octahedral shear strain within mESC-Col I construct was $3.75%, which was close to the average octahedral shear strain ($3.8%) within the burr-hole model (Fig. 8a) . The average axial strain within the mESC-Col I construct was around $3.1%, whereas the average axial strain was $2.8% within the burrhole model (Fig. 8b) . There was also close agreement at steady state for pore pressure (0.01 vs. 0.007 MPa) and fluid velocity (0.33 vs. 0.22 mm/s) between the burr-hole fracture model and the in vitro mESC-Col I construct, respectively.
Effect of Confined Compression on mESC Viability and Gene Expression
The viability of the mESC was 79 AE 8.5% after seeding in the Col I scaffold, and neither the porous platen nor mechanical loading had a significant effect on viability (p > 0.05) (Fig. 9a) . There was a significant downregulation of pluripotent (Oct-4, Rex 1, Sox 2) and tumorigenic (ERas) genes from mESC seeded in the Col I scaffold compared to in 2D static culture. The placement of the porous platen on the mESC-Col I construct (tare compressive load) contributed to an additional down regulation of Oct-4, Sox 2, Rex 1, and ERas when compared to the mESC-Col I construct without the porous platen (Fig. 9b-c , e, and f). A decreasing trend (p < 0.06) in Nanog expression was observed for the mESC seeded in the Col I scaffold, with or without the porous platen (Fig. 9d) . When the mESC-Col I scaffold was subjected to confined compression, a further down regulation of all pluripotent (Oct 4, Sox 2, Nanog, Rex 1) and tumorigenic (ERas) genes was observed in comparison to non-loaded samples. There was no difference in the gene expression when we modified the frequency of the loading from 1 to 0.1 Hz; for loading at 0.1 Hz there was a similar decrease in the pluripotent and tumorigenic gene expression (Fig. S-1) .
DISCUSSION
The stem cell niche is comprised of various signals, including both mechanical and biological, that direct stem cell behavior. 30 It is thus essential to understand the influence of micro-environmental factors (i.e., ECM, growth factors, external stimuli) on stem cell fate when trying to engineer functional replacements for living tissue. 31 However, there are currently few studies that have investigated how physical factors influence ESC at an early stage of differentiation. 32 In the current study, a combination of experimental and computational approaches was used to investigate the response of mESC to mechanical stimuli within an in vitro culture system. It was found that the seeding of mESC into a type I collagen scaffold contributed to a decrease in pluripotent and tumorigenic related gene expression. Furthermore, with the addition of biologically relevant mechanical stimuli, all tested pluripotent marker genes were further down-regulated, and the oncogene ERas decreased to almost undetectable levels.
Our group has previously demonstrated that mESC seeded in type I collagen scaffolds can be transplanted into a mouse burr-hole fracture model, and contribute to bone repair without resulting in the formation of tumors. 16 However, in an in vivo system it is difficult to separate the biological and mechanical factors. We 
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used FE analysis to determine the mechanical environment within our burr-hole fracture model, 16 and identify the appropriate mechanical stimuli to apply to a mESC-Col I construct in vitro. Although the mechanical environment encompasses a variety of parameters including fluid flow and pressure, strain is a key focus of bone mechanobiology research. [33] [34] [35] In vivo, the strain range in the murine tibia has been measured to be around $200-300 me for normal walking conditions, and $400-600 me during jumping. 34 Our FE analysis predicted $300 me in the proximal tibia for an axial compressive load of 4 N, with a sinusoidal waveform (1 Hz). This is also in good agreement with the loadstrain relationship reported by Stadelmann et al., 35 where an axial compressive load of 4 N, with a square waveform (2 Hz), resulted in $300 me. In comparison to the intact tibia, the region around the burr-hole fracture zone experienced a three-fold increase in strain magnitude, and this difference was considerably greater within the transplanted mESC-Col I construct (average of axial strain: $31,000 me).
In this study, an in vitro loading system that mimicked the mechanical environment of a burr-hole fracture was designed to investigate the mESC response to mechanical stimuli in a controlled manner using the strain magnitudes identified in vivo. We modified a Flexcell culture plate to apply confined compression to the mESC-Col I construct. A FE analysis of the modified Flexcell system was also conducted to ensure the strain environment in vitro was representative of the in vivo burr-hole model. Due to the irregular geometry of the murine tibia, the average octahedral shear strain, which is a combination of the three principal strains, was used to strainmatch the burr-hole model with the modified Flexcell system. Our FE analyses predicted that an axial load of 3 N (1 Hz) should be applied to the modified Flexcell system to reproduce the same octahedral shear (3.8% in vivo vs. 3.75% in vitro) and axial (2.8% in vivo vs. 3.1% in vitro) strains within the mESC-Col I construct. Experimentally, a cyclic load of 3 N (1 Hz) resulted in a calculated axial strain of 3.5% which was close to the FE prediction. These results confirmed that our modified Flexcell loading system, which applied confined compression to the mESC-Col I constructs, was mechanically representative of the environment within the burr-hole fracture in vivo.
The gene expression patterns of mESC seeded in a collagen I matrix indicated that pluripotent and tumorigenic expression was down-regulated, as indicated by the response of these genes: Oct 4, Rex 1, Sox 2, and ERas. It was also found that placement of the porous platen on the constructs significantly down-regulated the gene expression of all tested genes except Nanog. Since the placement of the porous platen had no significant effect on cell viability then the changes in gene expression cannot be attributed to cell death. It was likely that the observed result was due to changes in oxygen tension. It is well-known that stem cells in general, and specifically ESC, are sensitive to environmental oxygen levels, and the increase or decrease of ambient oxygen levels can affect differentiation and maintenance. 36, 37 Specifically, in regards to our study, the effect of hypoxia on stem cell function is regulated by hypoxia induced factors (HIF) of which HIF-2a is known to regulate Oct 4 expression, and thus, ESC function. 38 The level of oxygen directly within the constructs was not measured in this study and should be examined in future studies.
We found that the expressions of pluripotent markers (Oct 4, Nanog, Sox 2, Rex 1), as well as the expression of the oncogene ERas, which has been correlated to teratoma formation and uncontrolled mESC growth, 39 was further down-regulated when an appropriate mechanical stimulus was applied in vitro to mESC seeded in a collagen I matrix. These results support the observations of Taiani et al. 16 and Nakajima et al. 17 who concluded that the positive healing outcome and the observed tumor-suppressive effect was due to cyclic loading applied to the implanted mESC-Col I constructs.
Bone is a dynamic organ that adapts to mechanical environments and it has long been known that mechanical stimulation positively affects bone repair and regeneration. 40, 41 When bone is subjected to cyclic loading, fluid flow induced shear stress acts on cells and transduces mechanical signals. 42 To test whether fluid flow was a sensitive factor in mESC differentiation, we minimized the effect of fluid flow by reducing load frequency to 0.1 Hz while keeping the strain and loading duration constant and evaluated mESC gene expression. We found that the gene expression of pluripotent markers and the oncogene ERas was not significantly different for all of the tested genes at either frequency (Fig. S-1 ). However, we have shown that loading at 1 Hz enhances mESC differentiation into an osteogenic lineage (Damaraju et al. 43 ), while loading at 0.1 Hz showed no expression of osteogenic or chondrogenic markers (data not shown). As changes in frequency leads to changes in loading rate, the cells experienced 10 times less loading cycles at lower frequency (0.1 Hz). Therefore, we next considered whether changes in cell response were due to cell deformation and morphology which occurs through a mechanism of cytoskeletal tension via integrins. A histological section of the mESC-Col I matrix showed that cells exposed to 1 Hz have a spread and aligned morphology, while cells experiencing 0.1 Hz remained round similar to non-loaded control groups (Fig. S-2 ). Changes in cell morphology have been reported to 
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induce cell differentiation and determine lineage commitment. [44] [45] [46] Moreover, McBeath et al. 47 showed that human mesenchymal stem cells allowed to adhere and spread favor an osteogenic lineage, while unspread, round cells undergo adipogenesis which was mediated by RhoA activity. It is possible that in the current TE construct, mechanical regulation of mESC response could have initiated a mechanism of mechanotransduction through fluid flow induced cytoskeletal tension and that a specific number of loading cycles had to be achieved to initiate mESC loss of pluripotency/tumorgenicity and initiate differentiation into osteogenic lineage. Further research will be needed to focus on the fluid force induced mechanism initiated by mechanosensitive integrins in the mESC-Col 1 construct.
Overall, our results suggested that mechanical stimuli was not only sufficient to regulate gene expression in our system, but that biologically relevant and tissue specific strains should be used in vitro when examining their role on cell behavior. Further research will be needed to identify more directly the micro-scale mechanical environment of the seeded mESC, but our results are consistent with the observations of others. It has been reported that the incorporation of undifferentiated ESC into a type I collagen matrix formed cartilaginous tissue when inserted into a mobilized knee joint, whereas if inserted into an immobilized knee joint, then uncontrolled growth resulted with formation of different germ layers. 17 The authors concluded that formation of ESC-derived cartilage, and the observed tumor-suppressive effect, was due to cyclic loading. Similarly, the in vivo study of Lynch et al. 18 investigated the effect of mechanical perturbation on tumor formation using mice tibia models injected with metastatic breast cancer cells. An axial compressive load of 4 N (1 Hz) applied to mice tibia inhibited osteolysis and tumor formation while bone degradation remained in non-loaded tibiae.
In the current study, short-term mechanical loading of embryonic stem cells seeded in a type I collagen gel decreased pluripotent and tumorigenic gene expression. Our research has not explored the roles of other potential scaffolds, or extracellular matrix molecules such as fibronectin, which could interact with mechanical stimulation. 48 Other research has shown mesenchymal stromal cells from aged rats were more vulnerable to strain-induced apoptosis, 49 illustrating the complexity of using mechanical stimulation to control cell fate. Further, the loading duration of 40 h in our study was minimal, and additional research over longer time periods, will be needed to fully assess the impact of mechanical strain on pluripotency. We have also only considered gene expression in our analysis to determine the initial responsiveness of the cells to mechanical stimulation, and further work will be needed to determine protein production.
The complexity of mechanobiology events during bone healing and the unpredictable impact of those parameters on bone TE substitutes, especially with the use of ESC, make the development of a clinically relevant TE construct challenging. For the development of clinically successful bone TE treatments, the micro-environmental parameters acting on bone TE substitutes in vivo need to be identified and manipulated in a controllable manner in vitro. The system we have described in this study allowed us to reproduce biologically relevant mechanical stimuli in vitro, which can aid in the characterization and isolation of mechanical versus biological/biochemical factors that drive cell specification in vivo. This system can help to better understand the role of mechanical stimuli in mESC differentiation and loss of tumorgenic potential when seeded in a collagen matrix. Successful understanding and control of ESC tumorgenesis with efficient differentiation protocols will enable the application of ESC based therapeutics in clinical practice.
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